We have had two objectives in determining alveolar and arterial oxygen tensions. It was hoped that they might be sensitive criteria for the normality of pulmonary oxygen transfer in health and disease. Secondly, a study of these oxygen tension values together with other respiratory measurements might further elucidate the process by which pulmonary artery blood becomes oxygenated as it perfuses the lung.
The purposes of this paper are: 1. To examine the validity and accuracy of the methods by which alveolar Po2 is determined, the technique for estimating arterial Po2 and Pco2 having been critically discussed elsewhere (1). 2 . To present the data from which the alveolar-arterial oxygen tension difference has been calculated in a group of normal men breathing atmospheric air. 3 . To discuss the significance of this difference in the resting and exercise state.
The Validity and Accuracy of the Method for Calculating Alveolar PO,
The gas within the lungs is continuously fluctuating in composition and is not uniformly distributed (2, 3) . For this reason and others of a technical nature (4, 5) , direct sampling of alveolar gas, especially during exercise and in pathological subjects, will not disclose the true values of alveolar Po2 and Pco2. An alveolar Po2 may be calculated by means of the Bohr relation (6) and alveolar equations based on it (7, 8) provided that certain requirements are satisfied.
The Bohr relation can be used to calculate an alveolar Po2 when. the alveolar Pco2 and the R.Q. of expired gas are known if one accepts as correct that "the R.Q. of expired and alveolar air are the same" (9) . The R. Q. of expired gas can be ac1These studies were aided by a contract between the Office of Naval Research, Department of the Navy, and the Trudeau Foundation (NR 112-214).
curately measured but if one wishes to calculate an alveolar Po2 it is still necessary to know the alveolar Pco2 during the period that the expired gas is collected. Rossier and Blickenstorfer (10) . and Riley, Lilienthal, Proemmel, and Franke (11) have suggested that if one assumes that CO2 equilibrium is attained between pulmonary capillary blood and alveolar gas one can substitute the directly measured arterial Pco2 for alveolar Pco2, thus providing the remaining necessary term for calculating an alveolar Po2. Leaving the matter of whether or not the above equilibrium is always attained for later discussion, can one accept without reservation the hypothesis that the arterial Pco2 measured during any one period is truly representative of the Pco2 of the alveolar gas that contributed to the expired gas collected during the same period? It is clear that this hypothesis is acceptable only when the ratio of the volumes of CO2 and 02 exchanged between pulmonary blood and alveolar gas and simultaneously between alveolar and expired gas is the same. In other words, when the R.Q. of the pulmonary blood phase, alveolar gas phase and expired gas phase are identical. Riley and Cournand (7) have stated "that the blood R.Q., the alveolar R. Q., and the expired air R.Q. are identical" when a "steady state" is attained. Since the calculation of an alveolar Po2 requires that these R.Q.'s be equal, it is pertinent to examine the direct evidence bearing on the satisfaction of this requirement under actual conditions of measurement and to disclose those circumstances under which the requirement may be unfulfilled.
The CO2-02 exchange ratio, when determined by analysis of expired gas collected over a sufficiently long period, represents the respiratory quotient of the body as a whole. When, however, expired gas is collected for brief periods, it is desirable to designate this ratio as R to indicate that 517 it may not faithfully reflect overall body metabolism. This is the case, for example, during transient periods of hyperventilation. For purposes of this discussion, the CO2-02 exchange ratio will be designated as RE or RB according to whether this ratio is calculated from analyses of inspired and expired gas, or from analyses of blood samples from the pulmonary and systemic arteries. RA will designate the ratio of CO2 and 02 exchange between alveolar gas and pulmonary capillary blood.
In Table I are presented data on normal subjects who were accustomed to breathing through a mouthpiece which was part of the open circuit routinely used in this laboratory. In these subjects, every effort was made to allow them to reach a steady state with respect to breathing pattern, 02 uptake, and R.Q. It is evident that at rest, and to a lesser extent during 10 to 20 minutes of exercise, there are fluctuations in RE and 02 uptake which cannot be accounted for on the basis of errors in Haldane analysis. The cause of these fluctuations is not immediately apparent but they bear on the concept of the steady state.
Cournand (12) has reported that RE determined over a one to two minute period from analyses of expired gas does not always agree with RB determined from analyses of the concurrently obtained mixed venous and systemic arterial blood of resting subjects. Occasionally, similar discrepancies between RE and RB have been observed in this laboratory in studies (13) There remains to be considered the assumption of Rossier and Blickenstorfer (10) and Riley, Lilienthal, Proemmel, and Franke (11) that equilibrium with respect to CO2 is attained between alveolar gas and pulmonary capillary blood. There is little doubt that this assumption is justified when it is made with respect to normal animals and man at rest for it has been repeatedly shown (9, 16, 17) that when alveolar gas is properly sampled its CO2 tension is equal to that in arterial blood. Proof is needed, however, that this assumption is valid during the greater output of CO2 that accompanies exercise.
Riley, Lilienthal, Proemmel, and Franke (11) using the Boothby modification of the HaldanePriestley technique and other investigators (18) using an "end tidal" sampling device (19) found that the Pco2 of directly sampled alveolar gas averaged 12.7 and 1.8 mm. Hg higher than the Pco2 of simultaneously sampled arterial blood in normal subjects during exercise. Data obtained by us on normal men during exercise, using the Muller trap as modified by Henderson and Haggard (20) , are presented in Table II . We found the average "alveolar Pco2" obtained thus to be 2.3 mm. Hg higher than that of arterial blood simultaneously sampled. That the difference observed by other investigators (18) and by us is so much less than that reported by Riley is obviously in a large measure accounted for by the methods used to obtain the "alveolar" sample. The theoretical analysis by Dubois (21) of the probable cyclic changes in alveolar Pco2 emphasizes tb'± necessity for cir- If the diffusion theory of alveolar gas exchange is accepted, the Pco2 of gas to which pulmonary blood is exposed cannot be higher than the Pco2 of blood flowing from the alveolar capillaries. Roughton's work (22) indicates that alveolar capillary blood does not decrease in CO2 tension as it flows to the peripheral arteries and hence it is unlikely that arterial Pco2 is ever lower than that of the alveolar spaces. Data available by direct sampling show the alveolar Pco2 to be consistently higher than that of arterial and presumably capillary blood. The discrepancy in this direction is understandable on the basis of inadequate methods for obtaining a true sample of gas from the alveoli and since no one has demonstrated discrepancies of opposite sign in normal persons, the data can be taken to support the assumption that the arterial Pco2 and alveolar Pco2 are virtually equal during exercise as well as at rest in normal subjects.
The experimental data of Table II nicely demonstrate the type of error that is produced by a direct sampling method for measuring end-tidal gas concentrations during exercise. The end-tidal Po2 was 3.9 mm. Hg less than the calculated alveolar Po2. Of this difference, 2.3 mm. Hg can be accounted for by the fact that the end-tidal Pco2 was 2.3 mm. Hg less than in arterial blood. The remaining 1.6 mm. Hg can be accounted for by the fact that the end-tidal R is significantly less than the R of mixed expired gas as would be expected from the work of Stacy and Kydd (23) . Considering the blood dissociation curves and diffusion characteristics of 02 and CO2, it is probable that toward the end of an expiration the rate of 02 uptake and therefore loss of 02 from alveolar gas remains quite rapid even though the output of CO2 from the blood has diminished. For this reason, the end-tidal Po2 deviates more widely from the true alveolar value than does the end-tidal Pco2.
From the above discussion, one can conclude that the requirements for the indirect calculation of the alveolar Po2 by the method of Riley and Cournand (7) can under ideal circumstances be satisfied in normal men. Nevertheless, the method is quite sensitive to fluctuations of the pattern of breathing and the ideal circumstances required are so strict that they may commonly not be achieved (24) . Moreover, to apply the method in diseased persons still requires proof that there is no barrier to the diffusion of CO2 across the alveolar membrane in these subjects. Available data from this laboratory can be interpreted to show that in some pathological conditions diffusely involving the lung the arterial Pco2 actually exceeds that of the alveolar gas.
The Aa Difference in Normal Men at Rest and during Exercise
METHODS
Arterial blood and expired gas samples were obtained at rest and during exercise from 36 normal males who were also extensively studied with regard to other pulmonary functions. Their mean age was 41 years, the extremes being 23 and 60 years.
The subjects were studied at least one hour after their last meal. After the subject .ested on a bed for 20 minutes, an indwelling No. 20 needle was placed in a brachial or radial artery. For experiments under resting conditions, another 10 minutes were allowed to elapse before the subject began to breathe through a mouthpiece connected to one-way valves, flushing for 5 minutes the expiratory side of the rubber tubing leading to Douglas bags (previously rinsed with room air). A preliminary expired air collection of two or six minutes' duration was then made. Another bag was so connected that without loss of expired gas a 75 to 120-second collection could be made simultaneously with the slow and even sampling of 15 cc. of arterial blood. The gas was collected beginning at the first inspiration after blood appeared in the syringe and ending with the first inspiration after blood sampling was completed. Respirations were counted during this accurately timed period.
In exercise experiments, a grade and speed (8 to 12 per cent, 3 to 3.5 mph.) on a motor-driven treadmill were chosen such that the subject's 02 uptake was approximately 75 per cent of the maximum of which he was capable. With the arterial needle in place, the subject walked for 5.5 to 6 minutes, rinsing the Henderson-Haggard trap (20) for the continuous collection of end-tidal gas, and achieving a state of exercise such that nearly constant values for minute ventilation, 02 uptake, RE and pulse rate were reached. During the last 60 to 100 seconds of the walk, 15 cc. of arterial blood were withdrawn simultaneously with the collection of expired and end-tidal gas, and respirations were counted during this accurately timed period.
Expired gas was measured and sampled and was analyzed in duplicate in the Haldane apparatus. Checks within 0.04 vol. per cent for 02 and CO, were required. Arterial blood, collected in a syringe whose dead space was obliterated by a heparin-sodium fluoride mixture, was analyzed in duplicate for 0, and CO, content by the method of Van Slyke and Neill (25) within an hour after blood-sampling. The syringe was rotated inside Hg and that, if determined immediately after obtaining the blood sample, the measurement faithfully represents the Po2 of blood flowing through the peripheral arteries. Unfortunately, in earlier studies, the arterial Po2 was measured by indirect methods in which the error may be considerably greater; hence, the variation of Aa difference reported in the literature may in part be accounted for on the basis of the technique for measuring arterial Po2. Previous methods for measuring an alveolar Po2 as well as the values obtained have varied considerably. For reasons discussed earlier in this paper, we believe that direct sampling fails from both a spatial and temporal point of view to give a faithful moiety of the gas from or representative of that within the alveoli of the lungs. We prefer the indirect method of measuring an alveolar Po2 even though the method is based upon assumptions that at times are not fulfilled in actual practice. Moreover, we prefer to designate the value as an alveolar Po2 rather than the alveolar Po2 since the latter at any one moment undoubtedly has various values at different places within the lungs, all of which vary during the course of each respiratory cycle. Furthermore, it must be apparent that the indirectly calculated alveolar Po2 can be considered as representative of alveolar gas only in the limited sense that arterial Pco2 actually represents alveolar Pco2. In essence, the "alveolar Pco2 and Po2" obtained by indirect methods are an integration of spatially and temporally fluctuating alveolar Po2's and Pco2's which are so related as to give the actual arterial Pco2 and expired air R.Q. that is obtained by direct measurement. What is actually done is to measure directly the gas tensions of expired air and arterial blood and conclude that in order for the blood leaving the lungs and the R.Q. of expired air to be as actually measured, the integrated alveolar 02 tension to which the blood was exposed must have been as calculated.
Our data clearly support those who contend that the indirectly calculated alveolar Po2 is normally higher than the arterial Po2. As will be discussed later, the random character of the variation in the calculated alveolar Po2 is evidence that the higher alveolar Po2 is not purely a technical error.
The variation in the Aa difference among normal recumbent individuals (Table III) is somewhat greater than that reported by Lilienthal, (30) in six men under similar experimental conditions. To what extent are our results influenced by (a) analytical errors, (b) failure to fulfill the experimental conditions required for the valid calculation of alveolar Po2, (c) physiologic differences among normal men caused by psychological stimuli associated with taking of biological samples, and (d) actual physiologic differences between normal persons?
In order to explore the influence of analytical errors, it is necessary to eliminate so far as possible the influence of factors (b), (c), and (d). With this in mind, 12 separate determinations of the alveolar-arterial 02 tension difference were made in the same trained normal subject (Case 84) at rest. The subject was thoroughly accustomed to breathing through a mouthpiece and showed somewhat smaller minute to minute variations in his RE than most trained subjects. The results of these experiments (Table VII) show that even when factors (b), (c), and (d) are held as constant as possible the variation of the alveolar-arterial 02 tension difference was of the same order as in the entire group of persons studied as shown in Table III . The analytical error of our blood gas tension determinations averages about + 2 mm.
Hg both for 02 and CO2 (1) . Errors of this magnitude can result in an error of approximately + 4 mm. Hg in the difference between calculated alveolar and determined arterial 02 tension. Since the mean of this difference, repeatedly determined in the same subject, was 5.5 mm. Hg with a standard deviation of 3.77 mm. Hg, it would appear that analytical errors account in part, but not entirely, for the variations observed.
It has been suggested (7) that technical errors can be minimized by consideration of other data related to blood gas tension determinations. The following criteria define an analytically satisfactory experiment in our laboratory:
(i) The directly determined Pco2 must be within 4 mm. Hg of that calculated (32) from CO2 content, 02 capacity and pH of arterial blood. (ii) The physiological dead space must be greater than 50 cc. at rest and 100 cc. during exercise. (iii) The pH calculated (32) from the directly determined Pco2, CO2 content and 02 capacity of arterial blood must agree within 0.03 pH units with the directly determined pH.
(iv) The directly determined Po2 must lie within 15 per cent of that calculated from the standard dissociation curve (8), the 02 content and capacity and the pH of arterial blood.
Although these criteria are helpful in discovering gross errors, the alveolar-arterial 02 tension differences obtained in the experiments in which all of these criteria were satisfied were not significantly different from the figures for the subjects as a group as shown in Tables III and IV. There is little doubt that the alveolar and arterial CO2 tensions are virtually equal in normal resting men. Whether or not it can be assumed that RE exactly equalled the CO2-02 exchange ratio at the "alveolar membrane" during the blood sampling period in our resting subjects is open to question, even though a period of rest long enough to obtain stabilization of the minute ventilation (33) was allowed to elapse before blood sampling began. For purposes of obtaining information for such short periods of sampling, we have routinely determined the expired RE both before and during the blood sampling period. The mean difference between the first and second RE of 167 clinical subjects was 0.0393, a difference more than twice that to be expected from errors of Haldane analysis; the standard deviation of this difference was 0.0375. These data plus the minute-to-minute variations of RE shown for the trained subjects in Table I are clear evidence that a steady state is not commonly obtained under experimetal conditions. If, in addition to the effect of analytical errors, the calculated alveolar Po2 is also in error because of transient discrepancies between the RE of expired gas and that of pulmonary blood, the observed range of variation of the alveolar-arterial 02 tension difference in normal men at rest is readily explainable. However, this in no way invalidates the fact that an Aa difference normally exists at rest since both the analytical errors and the expired RE variations are of a random character.
The fact that RE varies from minute to minute both in patients and in normal subjects has an obvious bearing on the technique for collecting expired gas and arterial blood. When, for example, expired gas is collected for a longer period of time than arterial blood is sampled, the calculated alveolar Po2 will be in error to the extent that RE for the whole period of gas collection differs from the RE of the period of arterial blood sampling.
In attempting to find relationships between the blood gas data and the other measurements made simultaneously, we have observed that when overbreathing at rest occurs, as indicated by an elevated 02v, the alveolar-arterial 02 tension difference tends to be elevated both in health and disease. It is known that voluntary hyperventilation at sea level can raise the alveolar 02 tension without producing a proportionate rise in the arterial Po2 (34) or arterial 02 saturation (35) . Dill and Penrod have reported a similar relationship occurring in subjects at simulated altitudes (36) and pointed out that the explanation for this phenomenon is not clear. Since the resting minute ventilation of normal men breathing through a mouthpiece is often out of proportion to the metabolic demands of the body, probably because of psychological stimuli, it is reasonable to attribute some of the variations in the alveolar-arterial 02 tension difference seen in Table III to the variable respiratory response of each individual to the experimental procedure.
In view of factors (a), (b), and (c) it is questionable whether under resting conditions a single determination of the alveolar-arterial 02 tension difference can be considered characteristic for a given normal individual. We believe it will be necessary to make multiple determinations of the Aa difference in each of several individuals in order to disclose the extent to which persons truly differ from one another in this respect. Such data are not available.
The variation in the Aa difference in normal exercising men as expressed by the standard deviation of 4.74 is slightly less than the variation in this measurement at rest despite the fact that the exercise studies were carried out at various grades and speeds of treadmill walking. To investigate the effect of the severity of exercise on the Aa difference and other measurements, the exercise studies of Table VII were performed. The Aa difference rose progressively in this subject with increasing exercise primarily as a result of the increasing calculated alveolar Po2. This rising alveolar Po2 in turn resulted from a decrease in the ratio VD/VT.
Since the analytical methods were the same in resting as in exercise studies, and since some variation among normal subjects would be expected to (8) .
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See result from their exercising at different speeds and grades, some explanation is required for the relatively low standard deviation of the exercise Aa difference.
In the first place, as seen in Table I , there is less minute-to-minute change in minute ventilation and RE during exercise than at rest. For this reason it is likely that during exercise the conditions for the valid calculation of alveolar Po2 are more easily fulfilled than in the resting state. Secondly, there is less variation among normal individuals in the 02 ventilation equivalent during exercise than at rest. It seems reasonable to conclude, therefore, that during exercise the alveolar Po2 is less subject than at rest to errors caused by failure to maintain a steady state. The respiratory drive during exercise appears to be less affected by psychic stimuli than at rest; hence the value for the Aa difference is more likely to be characteristic for a given individual when he is exercising than when he is at rest. This conclusion is borne out by the results of the exercise studies on a single subject as seen in Table VI where, except in one instance, repeated determinations of the Aa difference under the same exercise conditions agreed more closely than they did at rest.
An Interpretation of the Normal Aa Difference
The experimental finding that alveolar 02 tension exceeds that in the arterial blood of normal men has been attributed to:
1) Experimental errors involved in sampling alveolar gas and analyzing arterial blood. 2) A change in the physico-chemical state of the blood in transit from lung to artery. 3) Failure of pulmonary capillary blood to reach alveolar 02 tension ("membrane factor"). 4) The admixture of venous blood (via shunts) or partially oxygenated blood (via poorly ventilated alveoli) with pulmonary capillary blood ("venous admixture").
For reasons discussed earlier, the first explanation appears to be inadequate to explain the Aa difference observed in the present study. Considerable evidence against the validity of the second explanation has been marshalled by Roughton (22) .
It appears likely (37) that equilibrium with respect to 02 is normally attained between alveolar capillary blood and alveolar gas in resting sub-jects (38) . Whether or not this is true during heavy exercise is open to question since the time spent by pulmonary blood in the alveolar capillaries might be insufficient for complete equilibrium to be reached. In the formulation by Riley and Cournand (7), both the "membrane factor" and the influence of venous admixture are dealt with in detail as explanations for an Aa difference determined under various conditions in normal persons. Riley (39) considers that, in young normal resting subjects breathing air at sea level, virtually all of the Aa difference is to be accounted for by venous admixture, and that this is the case during exercise not involving an 02 uptake of greater than 2,000 cc. per min. In Table VIII the percentages of venous admixture have been calculated from the Aa differences obtained in 36 normal subjects at rest and during exercise, one of whom was studied repeatedly at several different stints of work. The hemoglobin saturation of mixed venous blood was estimated by assuming that values for arterialvenous 02 difference were related to the 02 uptake in the same way as was reported by other investigators (40) for conditions at rest and during moderate exercise. For heavy exercise, the data of Asmussen and Nielsen (41) were used. It can be seen that in the group of 36 subjects the calculated per cent venous admixture declined slightly during exercise while in Subject No. 84 it remained approximately constant at five different levels of metabolic activity. The calculations suggest that it is not necessary to postulate a "membrane factor" to explain the increased Aa difference observed in normal subjects during exercise. Indeed, if one wishes to postulate a "membrane factor" during exercise, the per cent venous admixture must be assumed to be reduced below the figure obtained at rest. There is no evidence for or against the assumption that venous admixture diminishes during exercise.
It is of interest that the observed tendency of the Aa difference to increase with slight hyperventilation at rest (Table V) is readily explained on the venous admixture hypothesis by a consideration of the shape of the oxyhemoglobin dissociation curve. If the per cent venous admixture and the arterio-venous oxygen difference are not greatly changed by hyperventilation, the fact that the alveolar capillary and arterial points have moved to a flatter portion of the dissociation curve necessitates an increase in the Aa difference.
It remains to consider whether or not alveolar and arterial 02 tensions can be used as sensitive criteria for the normality of pulmonary 02 transport. As seen in Table III and IV, the variability of these measurements among normal persons is greater than that of the per cent arterial hemoglobin saturation. On this basis, it would appear that arterial Po2 cannot be used to narrow the limits of normality of arterial blood oxygenation. Furthermore, the variability of the Aa difference among normal persons is of the same order as the variability of either alveolar or arterial Po2. It remains to be demonstrated that comparisons between these measurements in normal subjects and those obtained in diseased persons will prove to be of greater value as criteria for the normality of 02 transfer than the more usual determinations of arterial per cent hemoglobin saturation. SUMMARY 1. The calculation of alveolar 02 tension from expired gas and arterial blood tension determinations provides a representative value for the Po2 to which pulmonary capillary blood is exposed in normal men breathing air at rest and during ex-'ercise if certain experimental conditions are met.
2. These conditions have been examined. 3. The mean alveolar-arterial 02 tension difference is 9.7 mm. Hg (S.D. + 5.3 mm. Hg) at rest and 19.6 mm. Hg (S.D. ± 4.7 mm. Hg) during moderately strenuous exercise in normal men breathing air at 1600 feet above sea level.
4. The variability of the Aa difference in normal men at rest is not necessarily dependent on factors characteristic for each individual. This difference is significantly affected by variations in the calculated alveolar Po2, which in turn is influenced by the ratio of the minute ventilation to the 02 uptake. 5 . The conditions required for calculating an alveolar Po2 are more closely approached and the 02 ventilation equivalent varies less among normal persons during exercise than at rest. For these reasons, an Aa difference measured during exercise is likely to be more characteristic for a given individual than when measured during rest.
6. The normal Aa difference during both rest and exercise can be accounted for on the hypothe-sis that peripheral arterial blood is normally composed of a mixture of completely oxygenated blood and of incompletely oxygenated blood which has either by-passed alveolar structures or perfused poorly ventilated alveoli.
7. The variability of the alveolar and arterial 02 tensions and of the difference between them at rest and during exercise is greater in normal subjects than is the variability of the arterial per cent hemoglobin saturation.
